To explore the clinical significance of p53 in the pathogenesis of adrenal neoplasms, we investigated the incidence of p53 gene mutations in functioning human adrenal tumours using the polymerase chain reactionsingle strand conformation polymorphism (PCR-SSCP) technique to screen p53 exons 4 to 9. We examined 29 adrenocortical adenomas (primary aldosteronism, n=17; Cushing's syndrome, n=12, all benign), and 33 phaeochromocytomas (benign solitary, n=18; benign multiple, n=5; malignant, n=10) in Japanese and Chinese patients. PCR-SSCP did not show any abnormal band-shifts in any of the adrenocortical adenoma and benign solitary phaeochromocytoma tissues. In contrast, six phaeochromocytoma tissues (two cases benign multiple, four cases malignant) showed PCR-SSCP band-shifts. Subsequent DNA sequencing analysis of the shifted bands revealed six cases with nine mutations or intronic sequence alterations: three cases contained sequence alterations within intronic regions, three cases with silent mutation (sequence alteration in codon without amino acid alteration), and three cases contained missense mutations (one case each in exons 5, 6 and 9). Immunohistochemical staining demonstrated that two of three cases with missense mutations and one case with an intronic sequence alteration over-expressed p53 protein in tumour cell nuclei. We observed no association between p53 gene mutation and p21/WAF1/ Cip-1 expression. The relatively high incidence of p53 gene mutations or intronic sequence alteration in multiple and malignant phaeochromocytomas, but not in benign solitary cases, suggests that p53 mutation could play some role in the pathogenesis of multiple and/or malignant phaeochromocytomas.
Introduction
Mutation of the tumour suppressor gene p53, located on chromosome 17p, has an important role in tumorgenesis and/or progression of various types of human neoplasma (Hollstein et al. 1991 , Greenblatt et al. 1994 , Velculescu & El-Deiry 1996 . The majority of p53 mutations occur in four highly conserved domains, or 'hot spots', located in exons 5 to 8 (Greenblatt et al. 1994 , Velculescu & El-Deiry 1996 . Germline mutations of the p53 gene have been identified in Li-Fraumeni syndrome, a rare familial syndrome with a high incidence of diverse cancers including adrenocortical carcinoma (Hollstein et al. 1991) . The loss of heterozygosity at chromosome 17p shown in a number of phaeochromocytoma and adrenal carcinoma cases suggests some role of p53 in the tumorgenesis of adrenal tissues (Yano et al. 1989 , Khosla et al. 1991 . However, Yoshimoto et al. (1992) found no evidence of p53 gene mutations in 11 cases of adrenocortical adenoma and 17 cases of phaeochromocytoma. Reincke et al. (1994) reported p53 mutations in 3 of 11 cases of adrenocortical carcinoma but not in cases of adrenocortical adenoma.
More recently, Lin et al. (1994) found 11 of 15 cases of adrenocortical adenoma (13 primary aldosteronism, 2 Cushing's syndrome) and 5 of 6 cases of phaeochromocytoma in Taiwanese patients contained p53 gene mutations, 75% of which were clustered in exon 4. These results suggested that p53 gene mutation was pathophysiologically significant in the tumorgenesis of benign functioning adrenal tumours, with exon 4 as a new mutational 'hot spot'. However, Dahia et al. (1995) reported that there was no p53 gene mutation encompassing exons 4-8 in 25 phaeochromocytomas. Reincke et al. (1996) also found no mutations in exon 4 of the p53 gene in 19 cases of adrenocortical adenoma and six cases of phaeochromocytoma in patients from the USA and Europe. Although the reasons for this discrepancy have not been determined, ethnic and geographic factors may be responsible. In addition, a proportion of phaeochromocytoma cases occur as multiple or malignant tumours. The pathophysiological significance of p53 gene mutation in these cases remains to be elucidated.
In the present study, we investigated mutation in the p53 gene between exons 4 and 9 in a total of 62 cases of functioning adrenal tumours in patients from Japan and China.
Materials and Methods

Human adrenal tumour tissue samples
Sixty-four specimens from sixty-two patients with adrenal tumours were studied. Fifty-two were frozen samples and twelve were formalin-fixed paraffin-embedded samples. As shown in Table 1 , the adrenal tumour specimens consisted of 17 cases of primary aldosteronism, 12 cases of Cushing's syndrome (all benign adrenocortical adenoma), and 33 cases of phaeochromocytomas (benign solitary, n=18; benign multiple, n=5; malignant, n=12 (12 specimens from 10 cases)). Diagnosis was made by clinical and histological findings following standardized criteria (Landsberg & Young 1992 , Orth et al. 1992 at Tokyo Women's Medical College Hospital for Japanese patients and at Peking Union Medical College Hospital for Chinese patients. Phaeochromocytoma with metastatic lesions was considered as malignant. Multicentric phaeochromocytoma derived from chromaffin tissues was considered to be benign multiple tumour. In two patients with malignant phaeochromocytoma, two tumour tissues were analysed (cases 25 and 32); the first tissue specimens, 25-1 and 32-1, were obtained at the time of initial adrenal surgery when the tumour was diagnosed as benign, while the second tissue specimens were obtained by autopsy four years (25-2) and 12 years (32-2) after surgery when the tumour was diagnosed as malignant.
The present study was approved by the Ethics Committee of the Tokyo Women's Medical College.
Extraction of DNA
For paraffin-embedded specimens, two or three pieces of 10 µm sections were carefully cut and placed in sterile microfuge tubes, deparaffinized by washing twice in xylene, and twice in 99·5% ethanol and finally dried briefly under reduced pressure. DNA was extracted from 20 mg frozen tissue specimens or deparaffinized specimens according to the proteinase K digestion method and subsequent spin-column purification using QIAamp Tissue Kits (QIAGEN, Hilden, Germany). Fifty nanograms DNA from each frozen tissue specimen was used for polymerase chain reaction-single strand conformation polymorphism (PCR-SSCP). For paraffin-embedded specimens, the eluted DNA solution was precipitated by ethanol and redissolved in 5 µl 10 mmol/l Tris-HCl (pH 7·6). One microlitre DNA solution was used as the template for PCR-SSCP.
PCR-SSCP analysis
PCR-SSCP analysis was performed to screen for p53 gene mutations in the adrenal tumour tissues. As shown in Table 2 , seven primer sets for exons 4-9 were designed according to published p53 nucleotide sequences (Futreal et al. 1991) . In order to amplify entire exonic sequences each set of primers was designed to anneal to intronic sequences. As exon 4 is too long for PCR-SSCP analysis, 
S, sense primer; A, antisense primer. Exon 4 is divided into two parts (exon 4-1 and exon 4-2), since it has too long a sequence for PCR-SSCP analysis.
it was divided into two parts (exon 4-1: codons 33-100; exon 4-2: codons 73-125). PCR of exons 4 to 9 was performed with the use of a thermal cycler (Model 480, Perkin-Elmer, Norwalk, CT, USA). Twenty-five microlitres PCR reaction mixture containing template DNA, 6·25 pmol of each primer, 1 U Taq DNA polymerase (Perkin-Elmer), 10 mmol/l Tris-HCl (pH 8·3), 50 mmol/l KCl, 1·5 mmol/l MgCl 2 , 0·01% gelatin, 50 µmol/l of each dNTP, and 0·5 µl [ -32 P]dCTP (3000 Ci/mmol, 10 mCi/ml; New England Research Products, Boston, MA, USA) were incubated for 5 min at 95 C for denaturation and followed by 30-40 cycles consisting of 1 min denaturation at 94 C, 1 min annealing at 55 C and 1 min polymerization at 72 C. Each PCR product was diluted in a denaturation solution containing 20 mmol/l EDTA, 96% formamide, 0·05% xylene-cyanol, and 0·05% bromophenol blue, heat-denaturated, and loaded onto 5% polyacrylamide gels containing 5% glycerol. After electrophoresis, the gel was transferred to Whatman 3MM paper, vacuum-dried, and exposed at 80 C for 1-8 h for autoradiography.
Direct sequencing of PCR products
Abnormal bands detected by PCR-SSCP analysis were excised from the dried gel, placed in 100 µl distilled water in a microfuge tube for 2 h at room temperature. Five microlitres supernatant was used as the DNA template in a PCR reaction. Twenty-five microlitres PCR reaction mixtures containing template DNA, 6·25 pmol of each primer, 1 U Taq DNA polymerase (Perkin-Elmer), 10 mmol Tris-HCl (pH 8·3), 50 mmol KCl, 1·5 mmol MgCl 2 , 0·01% gelatin and 200 µmol of each dNTP were incubated for 5 min at 95 C for denaturation and followed by 30 cycles of 1 min denaturation at 94 C, 1 min annealing at 55 C and 1 min polymerization at 72 C. The PCR products were electrophoresed in 1·5% lowmelting-temperature agarose gels (Nusieve GTG Agarose, Bio-Rad Laboratories, Richmond, CA, USA), isolated and purified by standard methods (Sambrook et al. 1989) . Sequencing reactions using purified PCR products were performed by the dye terminator cycle sequence method using the Dye Terminator Cycle Sequencing Kit (Perkin-Elmer) in a thermal-cycler (Model 480, PerkinElmer). The reactions were then applied to an automated DNA sequencer (Applied Biosystems Inherit, PRISM model 377 DNA sequencer, Perkin-Elmer).
Immunohistochemical staining of p53 and p21/WAF1/Cip1
Immunohistochemical analysis of p53 and p21/WAF1/ Cip1, one of the major downstream factors of p53 (Velculescu & El-Deiry 1996) , was carried out using formalin-fixed paraffin-embedded sections of p53 mutation-or intronic sequence alteration-positive specimens identified by PCR-SSCP and subsequent DNA sequencing. Anti-p53 monoclonal antibody DO-7 (Vojtesek et al. 1992) 
Results
PCR-SSCP analysis and DNA sequencing
As shown in Figs 1-3, 6 of 35 phaeochromocytoma specimens showed abnormal band-shifts: case 14 (exon 9, Chinese, malignant), case 20 (exon 5, Japanese, benign multiple), case 24 (exon 8, Japanese, malignant), case 25-2 (exon 4 and 9, Japanese, malignant), case 26 (exon 6, Japanese, benign multiple), and case 32-2 (exon 9, Japanese, malignant). In two patients with malignant phaeochromocytomas, the abnormal band-shifts were observed in the autopsy specimens (25-2 and 32-2), but not in specimens obtained from the initial adrenal surgery (25-1 and 32-1) (Figs 1, 3 ). As shown in Table 3 , subsequent DNA sequencing of the altered p53 PCR-SSCP bands revealed sequence alterations in all six cases. Sequence alterations were found in introns in 3 cases (14, 25-2, 32-2) and in exons in 4 cases (20, 24, 26) . Of the sequence alterations occurring in exonic regions, three cases (20, 25-2, 26) showed missense mutations and two cases (24, 25-2) showed silent mutations (i.e. sequence alteration without amino acid alteration). All observed sequence alterations were transitions; we observed one case (20) of an A:T to G:C transition, the remaining five cases (14, 24, 25-2, 26, 32-2) being G:C to A:T transitions.
In total, we observed p53 gene mutations or intronic sequence alterations in 2 of 5 (40%) benign multiple cases and 4 of 10 (40%) malignant cases of phaeochromocytoma. In contrast, no p53 gene mutations or intronic sequence alterations were found in 18 cases of benign solitary phaeochromocytomas, 17 cases of primary aldosteronism and 12 cases of Cushing's syndrome.
In agreement with previous reports (Buchman et al. 1988 , Dahia et al. 1995 , Reincke et al. 1996 , we observed an exon 4 polymorphism at codon 72 (proline (CCC) or arginine (CGC)) in the adrenal tumour specimens in the present study. The polymorphism was detected by PCR-SSCP and confirmed by DNA sequencing. An example of our results is shown in Fig. 1a , lane 2 of this figure indicates a proline (CCC), lane 3 indicates an arginine (CGC) while lane 1 indicates a heterozygous proline and arginine at codon 72. However, there was no significant difference in the frequency of this polymorphism between the three kinds of adrenal tumours.
Immunohistochemical staining of p53 and p21/WAF1/Cip1 protein
Immunohistochemical analysis of p53 and the p21/ WAF1/Cip1 protein was performed in five specimens of phaeochromocytoma which showed p53 gene mutations or intronic sequence alterations (cases 20, 24, 25-2, 26, 32-2). Five specimens of benign solitary phaeochromocytoma with normal p53 genes were also analyzed. As shown in Table 3 , over-expression of p53 protein was found in three of five specimens with p53 gene mutation or intronic sequence alterations (one of two benign multiple cases, and two of three malignant cases). Examples of the positive staining are shown in Fig. 4a ,b. No obvious nuclear staining was seen in specimens without p53 gene mutation as shown in Fig. 4c (case 4, benign solitary case). In contrast to p53, p21/WAF1/Cip1 was poorly expressed despite the presence of mutated p53 (Table 3) . Immunohistochemical staining of p21/WAF1/Cip1 was seen only in scattered cells ( Lin et al. (1994) described frequent mutations in exon 4 of the p53 gene as a new 'hot-spot' in Taiwanese patients with functioning adrenocortical tumours. However, no such mutations were found in adrenal tumours of patients from the USA and Europe (Reincke et al. 1996) . Since racial differences have been suggested as an explanation for this discrepancy, we analyzed tissue specimens from Japanese and Chinese patients. We found no p53 gene mutations within exons 4 to 9 in a total of 29 cases of functioning adrenocortical adenoma, either primary aldosteronism (n=17) or Cushing's syndrome (n=12). It is therefore unlikely that the presence of the new hotspot is due simply to ethnic differences. As the Chinese patients used in this present study were from the northern part of China, and patients studied in Lin's report were from Taiwan, geographic factors cannot be excluded completely. Nonetheless, this present study suggests that p53 gene mutations are not important factors in the tumorgenesis of adrenocortical adenoma.
Discussion
In agreement with previous studies (Yana et al. 1992 , Yoshimoto et al. 1992 , Dahia et al. 1995 1995), no p53 gene mutations were observed in 18 cases of benign solitary phaeochromocytoma. However, 2 of 5 benign multiple cases and 4 of 10 malignant cases did show p53 gene mutations or intronic sequence alterations. This suggests that p53 mutation or intronic sequence alteration in phaeochromocytoma may be confined exclusively to multiple or malignant cases. These results are also compatible with similar findings in adrenocortical carcinoma in 
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Of the six cases of phaeochromocytoma with p53 gene mutations or intronic sequence alteration in our study, two cases (14 and 32-2) contained intronic sequence alterations and one case (25-2) had point mutations in exon 9 and a sequence alteration in intron 4. Thus the positions of the mutations or sequence alterations were atypical when compared with previous findings which showed that in various types of neoplasma p53 gene mutations were clustered in exons 5 to 8 (Hollstein et al. 1991 , Greenblatt et al. 1994 , Velculescu & El-Deiry 1996 . In addition, we observed one case (24) where a point mutation in exon 8 did not lead to an amino acid change (i.e. a silent mutation). These results raise questions over the functional significance of p53 gene mutations or intronic sequence alterations in cases where the p53 gene product appears to be unaltered.
This issue was investigated by analyzing p53 protein levels. Since the half-life of wild-type p53 protein is several minutes, p53 protein levels in normal cells are relatively very low and generally undetectable by immunohistochemistry. However, abnormal p53 protein can be easily detected by immunohistochemistry because of the prolongation of its half-life (Greenblatt et al. 1994 , Hall & Lane 1994 , Velculescu & El-Deiry 1996 . Immunohistochemical analysis for p53 protein was therefore performed on five of six phaeochromocytoma specimens with p53 gene mutations. As shown in Fig. 4 and Table 3 , three of five specimens showed positive p53 immunostaining, suggesting an accumulation of abnormal p53 protein in the tumour cells. One of the two specimens that showed negative immunostaining of p53 (case 24) contained the silent mutation in exon 8. The other case showed missense mutation of codon 190 in exon 6, which is outside the highly conserved domain of p53 (Hollstein et al. 1991 , Greenblatt et al. 1994 . Interestingly, abnormal accumulation of p53 protein was observed in case 32-2 that contained a sequence alteration in intron 9. It is possible to assume that in this case abnormal splicing may lead to an aberrant p53 protein, or that there may be some mutations in coding exons 2, 3, 10 and 11. In contrast, we could not detect any abnormal immunostaining of p53 in five benign solitary phaeochromocytoma specimens without p53 gene mutations. These results agree with the report of Wang et al. (1995) that showed no abnormal p53 immunostaining in 24 phaeochromocytoma specimens. The results of PCR-SSCP followed by direct DNA sequencing and immunohistochemistry demonstrated p53 gene mutations or intronic sequence alterations associated with abnormal accumulation of p53 protein phaeochromocytoma tissues from multiple and malignant cases. Since p53 is closely related to various proteins regulating the cell cycle (Velculescu & El-Deiry 1996) , abnormal p53 function may cause accelerated cell proliferation leading to multicentric tumorgenesis and/or malignant tumour. However, 60% of multiple and malignant cases showed no mutations of the p53 gene. This suggests that p53 gene mutations are not a necessity for the development of multiple and/or malignant phaeochromocytomas. In cases 25 and 32, p53 gene mutations or intronic sequence alterations were identified only in the second specimens (25-2, 32-2) obtained by autopsy when the patients died of malignant phaeochromocytoma with multiple bone metastasis, but not in the first specimens (25-1, 32-1) obtained by surgical removal of the adrenal tumour when they were considered to be benign solitary tumours. Thus p53 gene mutation or intronic sequence alteration appears to be a characteristic of tumour agressiveness during the later phase of multiple and/or malignant phaeochromocytoma. However, considering its high specificity, p53 gene mutation or intronic sequence alteration could be a useful marker in detecting multiple or malignant phaeochromocytomas.
In the present study, five of six phaeochromocytoma cases with p53 point mutations or intronic sequence alterations showed the G:C to A:T transition mutations. Since the types of mutations observed in the p53 gene are known to depend on the tumour type (Hollstein et al. 1991 , Greenblatt et al. 1994 , Velculescu & El-Deiry 1996 , the transition mutations found in this study may be characteristic of multiple or malignant phaeochromocytomas. In agreement with our results, Lin et al. (1994) reported the same type of transition in two of four p53 point mutations in phaeochromocytomas. However, they also reported that the other two point mutations were G:C to C:G transversions, which are less common in the mutational spectrum of human cancers (Greenblatt et al. 1994) . Both geographic and ethnic factors have been shown to affect the mutational spectrum of p53 in various tumours (Greenblatt et al. 1994) and may be at least partly responsible for the difference between our results and those of Lin et al. (1994) . In the present study, we observed poor expression of p21/WAF1/Cip1 in all the phaeochromocytoma tissues regardless of the presence or absence of p53 mutation, showing no correlation between them. The results are in agreement with the previous studies in which no correlation between p21/WAF1/Cip1 expression and p53 expression or p53 mutational status was demonstrated in various tumours (Barbareschi et al. 1996 , Marchetti et al. 1996 , Slebos et al. 1996 . The apparently high incidence of p53 gene sequence alteration in benign multifocal tumour (2/5) and malignant case (4/10) compared with benign solitary tumour (phaeochromocytoma: 0/18; adrenocortical tumour: 0/29) and positive p53 immunostaining suggest that alteration of the DNA sequence in these cases is mutation rather than simple rare polymorphism. However, since it was not feasible to compare the results of DNA sequences in phaeochromocytomas with those in normal adrenal medulla, the possibility that the observed sequence alteration may be a rare polymorphism could not be excluded completely.
In conclusion, a relatively high incidence of p53 gene mutation or intronic sequence alteration was found in cases of multiple or malignant phaeochromocytoma, while no such gene mutation was found in cases of benign solitary phaeochromocytoma and adrenocortical adenoma of primary aldosteronism and Cushing's syndrome. The results suggest a pathophysiological significance of p53 gene mutations in the development of some multiple and malignant phaeochromocytomas.
